Abstract: Rotaxanes, formed by an axis through the cavity of a macrocycle, are promising systems for the construction of molecular machines. A very limited number of experimental techniques are available for mechanistic studies since only mechanical bonds are formed, being NMR one of the most widely used. The major inconvenience derived from NMR use is the time-scale for threading/dethreading processes lasting a few minutes in the case of faster processes. In the present manuscript, we report the application of a new kinetic methodology based on a displacement assay for cyclodextrin-based pseudorotaxane formation. By coupling a very fast (microseconds time-scale) binding/dissociation of nitrophenol to α-CD with a dicationic axle threading/dethreading process, we have been able to study kinetic processes taking place in the millisecond time-scale.
Introduction
A molecular machine can be defined as an assembly of a discrete number of molecular components (this is, a supramolecular structure) designed to perform specific mechanical movements as a result of an appropriate external stimulus [1, 2] . Properly designed, molecular machines can perform various actions such as moving a macrocycle around an axis [3] , shrink or expand [4] , move an axis on itself [5] , change the UV-VIS spectra [6] or even interconvert between rotaxane and pseudorotaxane [3] . These actions depend on the imput for which they are designed, a pH change [4] , light [1, 3] , the addition or removal of cations [7] , the acid/base equilibrium [8] , redox equilibrium [9] , solvent changes [10] or even heat [11] . The increasing design and study of even more complex molecular machines is crucial, because current techniques of miniaturization of electronic devices are reaching their limit and molecular machines present a way of storing, write, read and process information at a microscopic level, inaccessible to conventional devices. One of the most important motivations for the continued development of molecular machines lies in the wide range of stimuli that can be used to obtain a wide range of responses from them. For example, molecular machines based on solvent change are especially useful for microfluidic devices, whereas molecular machines that use electrochemical changes as stimulus are much better for robotics, biocompatibility of cyclodextrins makes molecular machines based in them very important for biological applications. This is why an increase in the design of new molecular machines is accompanied by an increase in the applications developed by them.
Rotaxanes, formed by an axis through the cavity of a macrocycle, are promising systems for the construction of molecular machines. In rotaxanes (i) the mechanical link allows a variety of conformations, which give stability to the system; (ii) the interconnected architecture confines the range of motion in three space directions; (iii) the stability of a specific arrangement (co-conformation) is determined by the strength of interactions between components and (iv) these interactions can be modulated by external stimuli [1, 12, 13] .
Of particular interest are two types of movements in the rotaxanes, the translational movement (i.e. movement of the macrocycle along the axis) and the rotational movement (corresponding to the rotation about the axis of the macrocycle). A pseudorotaxane is a supramolecular system composed only by an axis through the cavity of a macrocycle. Unlike the rotaxane, the pseudorotaxane does not have stoppers and therefore dissociation of the complex is possible. The pseudorotaxane remains always in equilibrium with "free" molecular components.
The threading of the axis through the ring is necessary requirement for the synthesis of a rotaxane. The rotaxane yields are generally low in the absence of any specific interaction between the axis and the macrocycle. Many organic cyclic complexes, like donor acceptor complexes [14, 15] , transition metal complexes [16] [17] [18] , crown ether complexes [19] , and complexes by hydrogen bonding of cyclic amides [20] [21] [22] have been used for the synthesis of rotaxanes. However, the most widely used are cyclodextrins because these are available for use immediately and may be functionalized in well-defined ways. Cyclodextrins (CDs) have several advantages compared to other macrocycles: the CDs are readily available both in large quantities and in high purity; the CDs can be functionalized by a large variety of synthetic routes [23] and they are also water soluble and biocompatible.
As has been described by Wenz [24] there are several conditions that must be fulfilled for the synthesis of rotaxanes based on cyclodextrins: (a) The axis has to form a stable axial inclusion complex with CD. (b) The axis has to be large enough to overcome the CD cavity to allow the coupling of the stoppers. (c) The inclusion complex should be water soluble. (d) The solvent should not cause dissociation. Because the inclusion is mainly due to hydrophilic interactions, only water and, to some extent, other highly polar solvents such as dimethylsulfoxide or dimethylformamide can be used. (e) The rotaxanization reaction must have required yields without the solvent needed for the threading. (f) Both stoppers and the rotaxane must be soluble in the solvent to allow homogeneous reaction conditions. (g) The stoppers must be large enough to prevent dissociation. (h) The resulting rotaxane should be readily isolable from the reaction mixture. Consequently, the coupling reactions with high steric demand and those that need anhydrous conditions must be avoided. In addition, hydrophobic stoppers can cause problems of solubility and high reaction temperatures may lead to dissociation of the inclusion complex. These conditions are not favorable for the formation of the rotaxane.
The cyclodextrin-based pseudorotaxanes are formed when a threadlike molecule goes through the cavity of a cyclic molecule to form a stable complex. It has been shown [25, 26] that is necessary to place the charged centers at both ends of the aliphatic chain to achieve enough dynamic stability to be able to distinguish between pseudorotaxanes and free components. In all cases, when the length of the chain between the two charged groups is less than eight methylene groups, the charged stoppers are forced into the hydrophobic interior of the CD, destabilizing the pseudorotaxane. Using loaded bulky stoppers is possible to form "stable" pseudorotaxanes with β-CD, but not with γ-CD. Lifetimes of pseudorotaxanes can be increased electrochemically or by light irradiation, but the most popular way is to increase the size of the bulky groups of the stoppers to sizes that are similar to the diameters of the cavity of the CD.
One of the most influential parameters on the stability of a pseudorotaxane is the length of the spacer between the headgroups. Depending on the number of carbon atoms separating the two stoppers, a clear difference is observed in the equilibrium constant and the rate constants of formation and dissociation of the complex [27] [28] [29] [30] . Generally, it can be said that an increase in the length of the spacer means an increase in the equilibrium constant of the complex. It is well known that cyclodextrin has a low affinity for the cations so that a longer length of the spacer implies a higher separation of the cations from the cyclodextrin, leading to better stability. The increase in the equilibrium constant is due mainly to the decrease in the dissociation rate constant, since the formation rate is poorly modified by the spacer length.
One of the most important parameters to take into account in the stability of a pseudorotaxane is the size of the headgroup. If the size is too large, then it is quite likely that the cyclodextrin is unable to get through. However, if the head group is very small, then the cyclodextrin can thread and dethread very quickly. It is interesting to compare surfactants with headgroups of different size to better understand this effect (Scheme 1). The complexation or not and the degree of it can be determined from the 1 H-NMR spectra 24 h after mixing the reactants [31] . It can be seen that the entrance of surfactant (A) is very fast, reaching equilibrium in just 10 min. With increasing the headgroup substitution, the surfactant (B) takes about a month to reach equilibrium. The surfactant (C) has a formation and dissociation rate constant lower than that of (B) dissociation, due to its greater substitution in the headgroup. Finally, the surfactant (D) has the same substitution of (C), however the shape of the head group makes the α-CD unable to thread [32] .
Mechanistic studies are needed in order to get an accurate explanation for both the influence of the head group and spacer on the rates and equilibrium constants for CD-based pseudorotaxanes. Experimental difficulties for these studies arrive from the nature of mechanical bonds, reflecting no changes on UV-Vis or IR spectroscopy. In the present manuscript we overcome these difficulties by using a guest displacement assay from the cavity of the α-CD. This methodology has the advantage that fast processes, taking place in the millisecond time scale, can be studied by using the appropriate guest overcoming time limitations derived from NMR experiments. Pseudorotaxane formation has been studied by using three different dicationic axles (see Scheme 2) with different headgroups and length of the spacer.
Results and discussion
Displacement assays are based on the coupled of two competitive processes where one of them can be easily monitored. In order to get kinetic information it will be necessary that the guest displacement takes place much faster than the studied reaction. Nitrophenol complexation by α-CD is an adequate guest for this purpose, because its complexation and dissociation rate constants [33] As an example the inclusion/dissociation process of nitrophenol in the presence of 1 mM α-CD has a half-life of almost 4 μs allowing to study pseudorotaxanes formation in the millisecond time scale.
Prior to kinetic studies it will be necessary to evaluate the nitrophenol complexation by α-CD at pH = 11.3. Figure 1 -left shows the change in the UV-Vis spectra of nitrophenoxide due to its incorporation into the cyclodextrin cavity. Influence of α-CD concentration on the nitrophenol absorption is reported in Fig. 1 Figure 2 shows the increase in absorbance of nitrophenol at λ = 360 nm with time due to pseudorotaxane formation with axle (I). It should be noted that the process is very fast being completed in just 1 s, well below the available time scale for kinetic studies by NMR. From the absorbancetime profile showed in Fig. 2a the time evolution of uncomplexed and bounded nitrophenol can be easily computed just by considering their molar absorptivites (eq. 3) as showed in Fig. 2b .
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Guest release by pseudorotaxane formation allow us to calculate the time evolution concentration of pseudorotaxane, [R], axle, [(I)], and uncomplexed cyclodextrin, [CD] , by considering the following mass balances and the equilibrium binding constant of NP to α-CD. Calculated values are shown in Fig. 2c .
Kinetic analysis is based on the assumption that dynamic behavior of nitrophenol is much faster than pseudorotaxane formation. This assumption is well supported by reported values in the literature showing that formation/dissociation of nitrophenol:α-CD takes place in the microseconds time-scale [33] . Consequently nitrophenol complexation can be considered as a fast competitive process in equilibrium with pseudorotaxane formation. Following rate equation can be proposed for threading/dethreading of (I) allowing pseudorotaxane formation.
We use the Runga-Kunta fourth order (RK4) method in combination with an interactive procedure to numerically solve eq. (7). Different sets of k 1 and k − 1 values in combination with the RK4 method are used to calculate the time-dependent pseudorotaxane; cyclodextrin; bolaform; bounded NP and uncomplexed NP concentrations. The procedure was repeated until the difference between calculated and experimental values was minimal. Fig. 2b and c show the perfect match between experimental and calculated (parameters reported in Table 1 ) values from the RK4 method. Numerically solving differential equation (7) increase the applicability of the displacement assay methodology. By the other way experimental conditions should be carefully designed in such a way that one of the reagents, cyclodextrin or axle, is in large excess over the others [34] . In order to test the accuracy of the assay displacement methodology experiments were repeated at different axle concentrations. Results (not showed) indicate that both rate and equilibrium constants are independent on the experimental conditions used for the kinetic study.
Displacement assay methodology was applied to study the pseudorotaxane formation with by axles (II) and (III). Figure 3 shows the overall change in absorbance due to nitrophenol release from the cycloxextrin cavity to the aqueous media due to the threading of different axles. It should be observed the different time scale expanding by almost six orders of magnitude from milliseconds to hours as a consequence of structural modifications in the cationic moieties of the axles.
Displacement assay experiments were carried out under different experimental conditions by changing the axle concentrations from 1 mM to 15 mM (data not shown) obtaining rate and equilibrium constants that are independent on the reaction conditions. Table 1 shows the values of rate and equilibrium constants for pseudorotaxane formation with the three axles. Firstly it should be mentioned that rate and equilibrium constants obtained for axle (III) agrees very well with those obtained by NMR [35, 36] . Major discrepancies come from experiments carried out in D 2 O for NMR and H 2 O for displacement assays.
Comparative analysis for axles (I) and (II) is not possible because their pseudorotaxane formation is too fast for the NMR time-scale and just equilibration time smaller than 10 min has been reported [32] . Results in Table 1 indicate that equilibrium constants for pseudorotaxane formation with axles (I) and (II) both with 12 methylene groups as spacer are almost equal and 10 times higher than for the axle (III) with just 10 methylene groups. This result agrees very well with those reported in the literature indicating that pseudorotaxane formation equilibrium constant is mainly affected by the spacer length between both cationic moieties independently of the nature of the head group [30] . Additionally it can be observed that threading/dethreading rate constants are strongly affected by the size of the cationic moiety showing a 10 4 increase in the threading rate constant on going from trimethylammonium to pyridinium groups. 
Conclusions
Pseudorotaxane formation has been studied by coupling a very fast nitrophenol inclusion/dissociation to α-CD with a dicationic axle threading/dethreading process. Use of numerical resolution of kinetic equations allows broad experimental conditions avoiding the use of one of the reagents in large excess to attain pseudofirst order conditions. The developed methodology based on a displacement assay expands the NMR time-scale for pseudorotaxane kinetics allowing the study of processes as fast as milliseconds time scale.
